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Abstract: We propose in this White Paper a concept for a space experiment using cold atoms to
search for ultra-light dark matter, and to detect gravitational waves in the frequency range between the
most sensitive ranges of LISA and the terrestrial LIGO/Virgo/KAGRA/INDIGO experiments. This
interdisciplinary experiment, called Atomic Experiment for Dark Matter and Gravity Exploration
(AEDGE), will also complement other planned searches for dark matter, and exploit synergies with
other gravitational wave detectors. We give examples of the extended range of sensitivity to ultra-
light dark matter offered by AEDGE, and how its gravitational-wave measurements could explore the
assembly of super-massive black holes, first-order phase transitions in the early universe and cosmic
strings. AEDGE will be based upon technologies now being developed for terrestrial experiments
using cold atoms, and will benefit from the space experience obtained with, e.g., LISA and cold atom
experiments in microgravity.
KCL-PH-TH/2019-65, CERN-TH-2019-126
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This paper is based on a submission (v1) in response to the Call for White Papers for the Voy-
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1 Preface
This article originates from the Workshop on Atomic Experiments for Dark Matter and Gravity Ex-
ploration [1], which took place on July 22 and 23, 2019, hosted by CERN, Geneva, Switzerland.
This workshop reviewed the landscape of cold atom technologies being developed to explore funda-
mental physics, astrophysics and cosmology - notably ultra-light dark matter and gravitational effects,
particularly gravitational waves in the mid-frequency band between the maximal sensitivities of ex-
isting and planned terrestrial and space experiments, and searches for new fundamental interactions -
which offer several opportunities for ground-breaking discoveries.
The goal of the workshop was to bring representatives of the cold atom community together with
colleagues from the particle physics and gravitational communities, with the aim of preparing for ESA
the White Paper that is the basis for this article. It outlines in Sections 2 and 3 the science case for a
future space-based cold atom detector mission discussed in Sections 4, based on technologies described
in Section 5, and is summarized in Section 6.
2 Science Case
Two of the most important issues in fundamental physics, astrophysics and cosmology are the nature
of dark matter (DM) and the exploration of the gravitational wave (GW) spectrum.
Multiple observations from the dynamics of galaxies and clusters to the spectrum of the cos-
mological microwave background (CMB) radiation measured by ESA’s Planck satellite and other [2]
experiments indicate that there is far more DM than conventional matter in the Universe, but its phys-
ical composition remains a complete mystery. The two most popular classes of DM scenario invoke
either coherent waves of ultra-light bosonic fields, or weakly-interacting massive particles (WIMPs).
In the absence so far of any positive indications for WIMPs from accelerator and other laboratory
experiments, there is increasing interest in ultra-light bosonic candidates, many of which appear in
theories that address other problems in fundamental physics. Such bosons are among the priority
targets for AEDGE.
The discovery of GWs by the LIGO [3] and Virgo [4] laser interferometer experiments has opened
a new window on the Universe, through which waves over a wide range of frequencies can provide new
information about high-energy astrophysics and cosmology. Just as astronomical observations at dif-
ferent wavelengths provide complementary information about electromagnetic sources, measurements
of GWs in different frequency bands are complementary and synergistic. In addition to the ongoing
LIGO and Virgo experiments at relatively high frequencies & 10 Hz, which will soon be joined by
KAGRA [5] and INDIGO [6], with the Einstein Telescope (ET) [7, 8] and Cosmic Explorer (CE) [9]
experiments being planned for similar frequency ranges, ESA has approved for launch before the period
being considered for Voyage 2050 missions the LISA mission, which will be most sensitive at frequen-
cies . 10−1 Hz, and the Taiji [10] and TianQin [11] missions proposed in China will have similar
sensitivity to LISA. AEDGE is optimized for the mid-frequency range between LISA/Taiji/TianQin
and LIGO/Virgo/KAGRA/INDIGO/ET/CE 1. This range is ideal for probing the formation of the
super-massive black holes known to be present in many galaxies. Also, AEDGE’s observations of as-
trophysical sources will complement those by other GW experiments at lower and higher frequencies,
completing sets of measurements from inspiral to merger and ringdown, yielding important synergies
as we illustrate below. GWs are the other priority targets for AEDGE.
1The ALIA proposal in Europe [12] and the DECIGO proposal in Japan [13] have been aimed at a similar frequency
range, and the scientific interest of this frequency range has recently been stressed in [14, 15] and [16].
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In addition to these primary scientific objectives, several other potential objectives for cold atom
experiments in space are under study. These may include searches for astrophysical neutrinos, con-
straining possible variations in fundamental constants, probing dark energy, and probing basic physical
principles such as Lorentz invariance and quantum mechanics. Cold quantum gases provide powerful
technologies that are already mature for the AEDGE goals, while also developing rapidly [17]. The
developments of these technologies can be expected to offer AEDGE more possibilities on the Voyage
2050 time scale. AEDGE is a uniquely interdiscplinary and versatile mission.
An atom interferometer such as AEDGE is sensitive to fluctuations in the relative phase between
cold atom clouds separated by a distance L:
∆φ = ωA × (2L) , (2.1)
where ωA is the frequency of the atomic transition being studied. DM interactions with the cold atoms
could induce variations δωA in this frequency, and the passage of a GW inducing a strain h would
induce a phase shift via a change δL = hL in the distance of separation. The AEDGE capabilities for
DM detection are summarized in Section 3.1, where we show how AEDGE can explore the parameters
of ultra-light DM models orders of magnitude beyond current bounds. The AEDGE capabilities for
GW measurements are discussed in Section 3.2, where we stress its unique capabilities for detecting
GWs from the mergers of intermediate-mass black holes, as well as from first-order phase transitions in
the early universe and cosmic strings. Finally, AEDGE prospects for other fundamental physics topics
are outlined in Section 3.3. One specific measurement concept is described in Section 4, but other
concepts can be considered, as reviewed in Section 5. The cold atom projects mentioned there may be
considered as “pathfinders” for the AEDGE mission, providing a roadmap towards its realization that
is outlined in Section 6. These experiments include many terrestrial cold atom experiments now being
prepared or proposed, space experiments such as cold atom experiments on the ISS, LISA Pathfinder
and LISA itself. With this roadmap in mind, the AEDGE concept is being proposed by experts in
the cold atom community, as well as GW experts and fundamental particle physicists.
3 AEDGE Capabilities for its Scientific Priorities
In this section we develop the science case of AEDGE, providing important examples of its capabilities
for its primary scientific objectives, namely the DM search and GW detection, and mentioning also
other potential science topics. The basis of the sensitivity projections shown here is defined in Section 4.
3.1 Dark Matter
Multiple observations point to the existence of dark matter (DM), an elusive form of matter that
comprises around 84% of the matter energy density in the Universe [2]. So far, all of the evidence for
DM arises through its gravitational interaction, which provides little insight into the DM mass, but it
is anticipated that DM also interacts with normal matter through interactions other than gravity.
The direct search for DM, which aims to detect the non-gravitational interaction of DM in the
vicinity of the Earth, is one of the most compelling challenges in particle physics. The direct search
for DM in the form of an (electro-)weakly-interacting massive particle (WIMP) with a mass in the
GeV to multi-TeV window is mature, and experiments now probe interaction cross-sections far below
the electroweak scale. As yet, no positive detections have been reported (see e.g., the constraints
from XENON1T [18]), and the same is true of collider searches for WIMPs and indirect searches
among cosmic rays and γ rays for the products of annihilations of astrophysical WIMPs. Although
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the experimental search for electroweak-scale DM has been the most prominent, theoretical extensions
of the Standard Model (SM) of particle physics provide many other elementary particle candidates for
DM over a much wider mass scale: ranging from 10−22 eV to the Planck scale ∼ 1018 GeV [19].
Ultra-light DM (with a sub-eV mass) is particularly interesting, as there are many well-motivated
candidates. These include the QCD axion and axion-like-particles (ALPs); (dark) vector bosons;
and light scalar particles such as moduli, dilatons or the relaxion. Ultra-light bosons are also good
DM candidates: there are well-understood mechanisms to produce the observed abundance (e.g., the
misalignment mechanism [20–22]), and the DM is naturally cold, so it is consistent with the established
structure formation paradigm.
Scalar dark matter
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Figure 1. The sensitivities of AEDGE in broadband
(purple lines) and resonant mode (orange lines) to lin-
ear scalar DM interactions with electrons (top), photons
(middle) and via the Higgs portal (bottom), compared to
those of a km-scale terrestrial experiment (green lines).
The grey regions show parameter spaces that have
been excluded by the MICROSCOPE experiment (blue
lines) [23, 24], searches for violations of the equivalence
principle with torsion balances (red lines) [25, 26], or
by atomic clocks (brown lines) [27, 28].
Atom interferometers are able to measure
a distinctive signature of scalar DM [29, 30].
Scalar DM may cause fundamental parameters
such as the electron mass and electromagnetic
fine-structure constant to oscillate in time, with
a frequency set by the mass of the scalar DM
and an amplitude determined by the DM mass
and local DM density [31, 32]. This in turn leads
to a temporal variation of atomic transition fre-
quencies, since the transition frequencies depend
on the electron mass and fine-structure constant.
A non-trivial signal phase occurs in a differential
atom interferometer when the period of the DM
wave matches the total duration of the interfer-
ometric sequence [30].
We consider first scenarios where scalar DM
couples linearly to the Standard Model fields [33,
34] through an interaction of the form
Llinint ⊃ −φ
√
4piGN
[
d(1)memee¯e−
d
(1)
e
4
FµνF
µν
]
+ b φ|H|2
(3.1)
Fig. 1 shows the projected sensitivity of AEDGE
for three scenarios: light scalar DM with a cou-
pling d
(1)
me to electrons (top), a coupling d
(1)
e to
photons (middle), and a Higgs-portal coupling b
(bottom). The coloured lines show the couplings
that can be detected at signal-to-noise (SNR)
equal to one after an integration time of 108 s.
We show predictions for AEDGE operating in
broadband (purple lines) and resonant mode (or-
ange lines) with the sensitivity parameters given
in Table 1 below.
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Figure 2. The sensitivities of AEDGE in broadband (purple lines) and resonant mode (orange lines) to
quadratic scalar DM interactions with electrons (left) and photons (right), compared to those of a km-scale
terrestrial experiment (green lines). The grey regions show parameter spaces that have been excluded by the
MICROSCOPE experiment (blue lines) [23, 24], searches for violations of the equivalence principle with torsion
balances (red lines) [25, 26], or by atomic clocks (brown lines) [27, 28].
The sensitivity of AEDGE in broadband mode extends from ∼ 102 down to ∼ 10−4 Hz, which
is the approximate frequency where gravity gradients become more important than shot noise [30].
Also shown for comparison are the sensitivities of a km-scale ground-based interferometer scenario.2
The grey regions show parameter space that has already been excluded by the indicated experiments.
We see that AEDGE will probe extensive new regions of parameter space for the electron coupling,
extending down to ∼ 10−14 for a scalar mass ∼ 10−17 eV, and similarly for a photon coupling, while
the sensitivity to a Higgs-portal coupling would extend down to 10−19 eV for this mass. We see
also that the sensitivities of AEDGE would extend to significantly lower masses and couplings than
a possible km-scale terrestrial experiment, used here as a benchmark. Fig. 1 also shows that when
operated in resonant mode AEDGE will have extended sensitivity between 10−16 eV and 10−14 eV:
see Ref. [30] for further details.
Fig. 2 illustrates AEDGE capabilities in a scenario where scalar DM couples quadratically to
Standard Model fields [35]:
Lquadint ⊃ − φ2 · 4piGN ·
[
d(2)memee¯e +
d
(2)
e
4
FµνF
µν
]
. (3.2)
Limits and sensitivities to the quadratic coupling d
(2)
me of scalar DM to electrons are shown in the left
panel of Fig. 2, and those for a quadratic coupling d
(2)
e to photons in the right panel.3 As in Fig. 1,
the coloured lines show the couplings that can be detected at SNR equal to one for AEDGE operating
in broadband (purple lines) and resonant mode (orange lines). We see that AEDGE will also probe
extensive new regions of parameter space for the electron and photon quadratic couplings, extending
the sensitivity to values of d
(2)
me and d
(2)
e by up to eight orders of magnitude. The quadratic couplings
give rise to a richer phenomenology than that offered by linear couplings. For example, a screening
2This projection assumes that the gravity gradient noise (GGN) can be mitigated, as discussed later.
3It has been pointed out in [35] that, in addition to the constraints displayed in Fig. 2, there are are potential
constraints on quadratically-coupled DM from Big Bang Nucleosynthesis, which merit detailed evaluation.
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mechanism occurs for positive couplings, which reduces the sensitivity of terrestrial experiments [24].
This is illustrated in Fig. 2 by the steep rises in the atomic clock constraints and the sensitivity of a
km-scale ground-based interferometer. By comparison, space-based experiments are less affected by
the screening mechanism and AEDGE therefore maintains sensitivity at larger masses.
As outlined in [29], AEDGE could also be sensitive to additional ranges of scalar DM masses via
direct accelerations of the atoms produced by interactions with dark matter fields, and also through
the indirect effects of the inertial and gravitational implications of the variations of the atomic masses
and the mass of the Earth. It is estimated that several orders of magnitude of additional unexplored
phase space for DM couplings in the mass range of ∼ 10−2 eV to ∼ 10−16 eV could be probed via
these new effects.
Axion-like particles and vector dark matter
In addition to scalar dark matter, atom interferometers can search for other ultra-light DM can-
didates.
• Axion-like DM causes the precession of nuclear spins around the axion field. Using atomic
isotopes with different nuclear spins, atom interferometers are sensitive to the axion-nucleon coupling
for axion-like DM lighter than 10−14 eV [36].
• Two interferometers running simultaneously with two different atomic species act as an ac-
celerometer. This set-up is sensitive to, for instance, a dark vector boson with a mass below 10−15 eV
coupled to the difference between baryon number (B) and lepton number (L) [37].
Identifying a DM signal
Confirming that the origin of a positive detection is due to a DM signal may be challenging.
However, there are a number of characteristic features of the DM signal that should allow it to be
distinguished from other sources. For example, compared to GW signals from binary systems, where
the frequency changes as the binary system evolves, the frequency of the DM signal is set by the
mass of the scalar DM and will therefore remain constant. The DM speed distribution may also have
distinctive features (see e.g., [38]) and there is a characteristic modulation over the course of a year,
caused by the rotation of the Earth about the Sun [39]. If these distinctive features can be measured,
they would point to a DM origin for the signal.
3.2 Gravitational Waves
The first direct evidence for gravitational waves (GWs) came from the LIGO/Virgo discoveries of
emissions from the mergers of black holes (BHs) and of neutron stars [40]. These discoveries open
new vistas in the exploration of fundamental physics, astrophysics and cosmology. Additional GW
experiments are now being prepared and proposed, including upgrades of LIGO [3] and Virgo [4],
KAGRA [5], INDIGO [6], the Einstein Telescope (ET) [7, 8] and Cosmic Explorer (CE) [9], which will
provide greater sensitivities in a similar frequency range to the current LIGO and Virgo experiments,
and LISA [41], which will provide sensitivity in a lower frequency band on a longer time-scale. In
addition, pulsar timing arrays provide sensitivity to GWs in a significantly lower frequency band [42].
As we discuss in more detail below, there are several terrestrial cold atom experiments that are
currently being prepared, such as MIGA [43], ZAIGA [44] and MAGIS [45], or being proposed, such
as ELGAR [46] and AION [47]. These experiments will provide measurements complementary to
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LISA and LIGO/Virgo/KAGRA/INDIGO/ET/CE via their sensitivities in the mid-frequency range
between 1 and 10−2 Hz.
AEDGE will subsequently provide a significantly extended reach for GWs in this frequency range,
as we illustrate in the following with examples of astrophysical and cosmological sources of GWs,
which open up exciting new scientific opportunities.
Astrophysical Sources
The BHs whose mergers were discovered by LIGO and Virgo have masses up to several tens
of solar masses. On the other hand, supermassive black holes (SMBHs) with masses > 106 solar
masses have been established as key ingredients in most if not all galaxies [48], and play major roles in
cosmological structure formation and determining the shape, appearance and evolution of galaxies [49].
A first radio image of the SMBH in M87 has been released by the Event Horizon telescope (EHT) [50],
and observations of the Sgr A* SMBH at the centre of our galaxy are expected shortly. The LISA
frequency range is ideal for observations of mergers of SMBHs.
However, the formation and early evolution of SMBHs [51] and their possible connections to their
stellar mass cousins are still among the major unsolved puzzles in galaxy formation. It is expected that
intermediate-mass black holes (IMBHs) with masses in the range 100 to 105 solar masses must also
exist, and there is some observational evidence for them [52]. They may well have played key roles in
the assembly of SMBHs. Detecting and characterising the mergers of IMBHs with several hundred to
a hundred thousand solar masses will provide evidence whether (and how) some of the most massive
“stellar” black holes eventually grow into SMBHs [53] or whether SMBHs grow from massive seed
black holes formed by direct collapse from gas clouds in a subset of low-mass galaxies [54, 55].
The AEDGE frequency range between ∼ 10−2 and a few Hz, where the LISA and the LIGO/Virgo/
KAGRA/INDIGO/ET/CE experiments are relatively insensitive, is ideal for observations of mergers
involving IMBHs, as seen in Fig. 3. This figure shows that AEDGE (assumed here to be operated in
resonant mode) would be able to observe the mergers of 6 × 103 solar-mass black holes out to very
large redshifts z, as well as early inspiral stages of mergers of lower-mass BHs of 60M, extending
significantly the capabilities of terrestrial detectors to earlier inspiral stages. The dashed lines illustrate
the observability of binaries with very different masses, namely 3000M and 30M, which could be
measured during inspiral, merger and ringdown phases out to large redshifts 4.
The left panel of Fig. 4 shows the sensitivity of AEDGE operating in resonant mode for detecting
GWs from the mergers of IMBHs of varying masses at various signal-to-noise (SNR) levels ≥ 5. It
could detect mergers of ∼ 104 solar-mass BHs with SNR & 1000 out to z ∼ 10, where several dozen
such events are expected per year according to [58], and mergers of ∼ 103 solar-mass BHs with SNR
& 100 out to z & 100. Such sensitivity should be sufficient to observe several hundred astrophysical BH
mergers according to [58]. This paper suggests that such events would be expected in the smaller part
of this redshift range, so the observation of additional mergers at large redshifts could be a distinctive
signature of primordial BHs.
Another astrophysical topic where AEDGE can make a unique contribution is whether there is a
gap in the spectrum of BH masses around 200M. We recall that electron-positron pair-instability is
4This figure also indicates a typical gravitational gradient noise (GGN) level for a km-scale ground-based detector.
In order for such a detector to reach its potential, this GGN would need to be significantly mitigated. Thanks to precise
characterization of GGN correlation properties [56], it is possible to reduce GGN using detectors geometries based on
arrays of Atom interferometers [57]. A similar GGN level in a km-scale ground-based detector is relevant for the other
GW topics discussed below.
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Figure 3. Comparison of the strain measurements possible with AEDGE and other experiments, showing their
sensitivities to BH mergers of differing total masses at various redshifts z, indicating also the time remaining
before the merger. The solid lines correspond to equal mass binaries and the dashed ones to binaries with very
different masses, namely 3000M and 30M. Also shown is the possible gravitational gradient noise (GGN)
level for a km-scale terrestrial detector, which would need to be mitigated for its potential to be realized. This
figure illustrates the potential for synergies between AEDGE and detectors observing other stages of BH infall
and merger histories.
calculated to blow apart low-metallicity stars with masses around this value, leaving no BH remnant
(see, for example, [59]). The AEDGE frequency range is ideal for measuring the inspirals of BHs with
masses ∼ 200M prior to their mergers. If they are observed, such BHs might be primordial, or come
from higher-metallicity progenitors that are not of Population III, or perhaps have been formed by
prior mergers.
In addition to the stand-alone capabilities of AEDGE illustrated in Figs. 3 and 4, there are
significant synergies between AEDGE measurements and observations in other frequency ranges, like
those proposed in [60] for the synergistic operation of LISA and LIGO:
• The measurement of early inspiral stages of BH-BH mergers of the type discovered by LIGO and
Virgo is guaranteed science for AEDGE. As seen in Fig. 3, AEDGE would observe out to high redshifts
early inspiral stages of such mergers, which could subsequently be measured weeks or months later by
LIGO/Virgo/KAGRA/INDIGO/ET/CE. The inspiral phases of these sources could be measured for
a month or more by AEDGE, enabling the times of subsequent mergers to be predicted accurately.
The motion of the detectors around the Sun as well as in Earth orbit would make possible the angular
localization with high precision of the coming merger [61], providing ‘early warning’ of possible up-
coming multimessenger events. The right panel of Fig. 4 compares the sensitivities of AEDGE at the
SNR = 8 level (blue shading) with that of ET (yellow shading). The overlaps between the sensitivi-
ties show the possibilities for synergistic observations, with AEDGE measuring GWs emitted during
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Figure 4. Left panel: The sensitivity of AEDGE to the mergers of IMBHs with the contours showing the signal-
to-noise ratio (SNR). Right panel: Comparison of the sensitivities of AEDGE, ET and LISA with threshold
SNR = 8. In the lighter regions between the dashed and solid lines the corresponding detector observes only
the inspiral phase.
the inspiral phase (lighter shading), and ET subsequently observing infall, the merger itself and the
following ringdown phase (darker shading).
Fig. 5 shows some examples of these possible synergies for AEDGE measurements of the inspiral
phases of binaries that merge in the LIGO/Virgo sensitivity window. The upper left plot shows the
SNR as a function of redshift, and the other plots show how precisely various observables can be
measured by observing for 180 days before the frequency of the signal becomes higher than 3 Hz,
corresponding to the upper limit of the AEDGE sensitivity window. As examples, we see in the
upper middle panel that for events typical of those observed by LIGO/Virgo at z ' 0.1 the AEDGE
sky localization uncertainty is less than 10−4 deg2, while the upper right panel shows that the GW
polarization could be measured accurately. The lower middle panel shows that the times of the
mergers could be predicted with uncertainties measured in minutes, permitting advance preparation
of comprehensive multimessenger follow-up campaigns. We also see in the lower panels that for binaries
at high redshifts z & 1 the uncertainties in the luminosity distance, the time before merger and the
chirp mass become significant, though in these cases the measurements could be improved by starting
to observe the binary more than 180 days before it exits the sensitivity window.
• Conversely, as also seen in Fig. 3 and the right panel of Fig. 4, operating AEDGE within a
few years of LISA would provide valuable synergies, as LISA observations of inspirals (lighter green
shading) could be used to make accurate predictions for subsequent detections by AEDGE of the infall,
merger and ringdown phases of IMBHs in the O(103 − 104) solar-mass range (darker blue shading).
This is similar to the strategy proposed in [60] for the synergistic operation of LISA and LIGO.
• As discussed in [62], combined measurements by AEDGE and other detectors would provide
unparalleled lever arms for probing fundamental physics by measuring post-Newtonian and post-
Minkowskian [63] gravitational parameters, probing Lorentz invariance in GW propagation and the
possibility of parity-violating gravity.
In summary, the mid-frequency GW detection capabilities of AEDGE discussed here will play a
crucial part in characterising the full mass spectrum of black holes and their evolution, thereby casting
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Figure 5. The SNR (upper left panel), the sky localization uncertainty ∆Ω (upper middle panel), the polar-
ization uncertainty ∆ψ (upper right panel), and the uncertainties in the luminosity distance DL (lower left
panel), the time remaining before merger tc (lower middle panel) and the chirp mass Mchirp (lower right panel),
calculated for three merging binaries of different BH mass combinations as functions of their redshifts.
light on their role in shaping galaxies 5.
Cosmological Sources
• Many extensions of the Standard Model (SM) of particle physics predict first-order phase transitions
in the early Universe. Examples include extended electroweak sectors, effective field theories with
higher-dimensional operators and hidden-sector interactions. Extended electroweak models have at-
tracted particular interest by providing options for electroweak baryogenesis and magnetogenesis: see,
e.g., [65], and offer opportunities for correlating cosmological observables with signatures at particle
colliders [66, 67].
The left panel of Fig. 6 shows one example of the GW spectrum calculated in a classically scale-
invariant extension of the SM with a massive Z ′ boson, including both bubble collisions and the
primordial plasma-related sources [67]. These contributions yield a broad spectrum whose shape can
be probed only by a combination of LISA and a mid-frequency experiment such as AEDGE, which
is assumed here to be operated at a set of O(10) resonant frequencies, whose combined data would
yield the indicated sensitivity to a broad spectrum. A crucial feature in any model for a first-order
phase transition in the early universe is the temperature, T∗, at which bubbles of the new vacuum
percolate. For the model parameters used in the left panel of Fig. 6, T∗ = 17 GeV. The GW spectra
for parameter choices yielding various values of the reheating temperature, Treh, which are typically
O(mZ′) in this model, are shown in the right panel of Fig. 6. We see that AEDGE would play a key
role, fixing the parameters of this classically scale-invariant extension of the SM.
Fig. 7 shows the discovery sensitivity of AEDGE in the parameter space of the classically scale-
invariant extension of the SM with a massive Z ′ boson. We see that AEDGE could measure a signal
5In addition to this primary astrophysical programme, we note that AEDGE would also be able to measure GWs
from galactic white-dwarf (or other) binaries with orbital periods lass than about a minute, a possibility whose interest
has been heightened recently by the observation of a binary with orbital period below 7 minutes [64].
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Figure 6. Left panel: Example of the GW spectrum in a classical scale-invariant extension of the SM with a
massive Z′ boson, compared with various experimental sensitivities. The dashed line shows the contribution to
the spectrum sourced by bubble collisions, the dot-dashed line shows the contribution from sound waves, and the
dotted line shows the contribution from turbulence. Right panel: Examples of spectra with some other reheating
temperatures after the transition that may be realized in the same model.
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Figure 7. Signal-to-noise ratio (SNR) achievable with AEDGE in the parameter plane of the classically
scale-invariant extension of the SM with a massive Z′ boson. The dashed line is the SNR = 10 contour.
from a strong phase transition with high signal-to-noise ratio (SNR) all the way down to the present
lower limit of a few TeV on the Z ′ mass from experiments at the LHC, and covering the mass range
where such a boson could be discovered at a future circular collider [68]. The SNR is calculated
assuming five years of observation time divided between 10 resonance frequencies, whose data are
combined.
• Other possible cosmological sources of GW signals include cosmic strings. As seen in the left
panel of Fig. 8, these typically give a very broad frequency spectrum stretching across the ranges to
which the LIGO/ET, AEDGE, LISA and SKA [69] experiments are sensitive. The current upper limit
on the string tension Gµ is set by pulsar timing array (PTA) measurements at low frequencies [42].
LISA will be sensitive to Gµ = 10−17, while AEDGE and ET could further improve on this sensitivity
by an order of magnitude. This panel also shows (dashed lines) the impact of including the change
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Figure 8. Left panel: Examples of GW spectra from cosmic strings with differing tensions Gµ. The dashed
lines show the impact of the variation in the number of SM degrees of freedom. Right panel: Detail of the effect
on the GW spectrum for the case Gµ = 10−11 of a new particle threshold at various energies T∆ ≥ 100 MeV
with an increase ∆g∗ = 100 in the number of relativistic degrees of freedom.
in the number of degrees of freedom predicted in the SM. It is apparent that detailed measurements
in different frequency ranges could probe both SM processes such as the QCD phase transition and
BSM scenarios predicting new degrees of freedom, e.g., in a hidden sector, or even more significant
cosmological modifications such as early matter domination, which would leave distinguishable features
in the GW background. This point is illustrated in the right panel of Fig. 8, where we see the effect
on the string GW spectrum of a new particle threshold at energies T∆ ≥ 100 MeV with an increase
∆g∗ = 100 in the number of relativistic degrees of freedom. Comparing the string GW strengths at
different frequencies at the 1 % level would be sensitive to ∆g∗ = 2.
In Fig. 9 we show the frequencies at which features would appear in the cosmic string GW spectrum
corresponding to events in the early universe occurring at different temperatures. We see that AEDGE
would be sensitive in a different range of parameters from ET and LISA. Figs. 8 and 9 illustrate that
probing the plateau in a wide range of frequencies can provide a significant amount of information not
only on strings themselves but also on the early evolution of the universe [70].
3.3 Other Fundamental Physics
Ultra-high-precision atom interferometry has been shown to be sensitive to other aspects of funda-
mental physics beyond dark matter and GWs, though studies of some such possibilities are still at
exploratory stages. Examples include:
• High-precision measurements of the gravitational redshift and quantum probes of the equivalence
principle [71];
• The possibility of detecting astrophysical neutrinos that traverse the Earth with high fluxes though
small cross-section: see, e.g., [72]. The great advantage of interferometers in this case is that they are
sensitive to very small or even vanishing momentum transfer. Whilst current sensitivities seem far
from accessing any interesting background [73], the analyses of this possibility have not been compre-
hensive;
• Probes of long-range fifth forces: Since atom interferometry can be used to detect the gravitational
field of Earth [74], a set up with interferometers at different heights seems a natural one to study the
possibility of any other long-range fifth force that couples to matter in ways different from gravity. The
search for long-range forces is a very active area of research beyond the SM, with natural connections
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Figure 9. Frequency f∆ at which features in the cosmic string GW spectrum appear corresponding to events
in the early universe occurring at the indicated temperature T∆. The shading contours indicate Gµ values of
the cosmic string network, and the reach of different experiments are indicated by the coloured regions.
to dark matter and modified gravity, see, e.g., [75], and universally-coupled Yukawa-type fifth forces
over these scales are already well constrained by classical searches for fifth forces [76];
• Tests of general relativity: A set-up with atom interferometers at different values of the gravi-
tational potential also facilitates measurements of higher-order general-relativistic corrections to the
gravitational potential around the Earth. The leading higher-order effects are due to the gradient of
the potential, and corrections due to the finite speed of light, and Do¨ppler shift corrections to the
photon frequency;
• Constraining possible variations in fundamental constants: A comparison of interferometers at dif-
ferent time and space positions may be useful to test possible variations of fundamental constants in
these two domains. There are different motivations for these searches that can be found in [77, 78];
• Probing dark energy: The main driver of current cosmological evolution is a puzzling substance that
causes the acceleration of the expansion of space-time. This ‘dark energy’ is supposed to be present
locally and one can try to use precise experiments to look for its local effects. This possibility comes in
at least two flavours. One can argue that dark energy models naturally involve dynamical ultra-light
fields. If the SM is coupled to them, the fundamental properties of nature would be time- and space-
dependent. Another possibility comes from specific models where the dark energy candidate modifies
the laws of gravity, where atom interferometry experiments have proved a particularly powerful tech-
nique for constraining popular models [79, 80];
• Probes of basic physical principles. These include probing Bell inequalities and testing the founda-
tions of quantum mechanics and Lorentz invariance. It has been suggested that some ideas beyond the
standard postulates of quantum mechanics (for instance linearity and collapse models) may be tested
with precise interferometry of quantum states, see, e.g., [81–84], and atom interferometers have been
proposed as test of Lorentz invariance and gravitation in [85].
4 Experimental Considerations
In this Section we describe a conceptual detector design that can accomplish the science goals outlined
in this document. This basic design requires two satellites operating along a single line-of-sight and
– 13 –
Figure 10. Space-time diagram of the operation of a pair of cold-atom interferometers based on single-photon
transitions between the ground state (blue) and the excited state (red dashed). The laser pulses (wavy lines)
travelling across the baseline from opposite sides are used to divide, redirect, and recombine the atomic de
Broglie waves, yielding interference patterns that are sensitive to the modulation of the light travel time caused
by DM or GWs (from [86]). For clarity, the sizes of the atom interferometers are shown on an exaggerated
scale.
separated by a long distance. The payload of each satellite will consist of cold atom technology as
developed for state-of-the-art atom interferometry and atomic clocks. For the science projections
presented here, we assume a minimum data-taking time of 3 years, which requires a mission duration
of at least 5 years, while 10 years would be an ultimate goal.
As two satellites are needed to accomplish its science goals, the AEDGE mission planning costs
are estimated to be in the range of an L-class mission. However, in view of the international interest
in the AEDGE science goals, the possibility of international cooperation and co-funding of the mission
may be investigated.
4.1 Representative Technical Concept
As we discuss in Section 5, there are several cold atom projects based on various technologies that are
currently under construction, planned or proposed, which address the principal technical challenges
and could be considered in a detailed design for a mission proposal and corresponding satellite payload.
However, all of these options require the same basic detector and mission configuration outlined above.
For the option presented in this White Paper we have chosen to base our discussion on the concept
outlined in in [45, 71, 86, 87], which is currently the most advanced design for a space mission.
This concept links clouds of cold atomic strontium in a pair of satellites in medium earth orbit
(MEO) via pulsed continuous-wave lasers that induce the 698 nm atomic clock transition, and detect
momentum transfers from the electromagnetic field to the strontium atoms, which act as test masses
in the double atom interferometer scheme illustrated in Fig. 10. The lasers are separated by a large
distance L, the paths of the light pulses are shown as wavy lines, and the atom interferometers, which
are represented by the two diamond-shaped loops on an enlarged scale, are operated near them. Laser
pulses transfer momenta ~k to the atoms and toggle them between the ground state and the excited
state. Thus they act as beam splitters and mirrors for the atomic de Broglie waves, generating a
– 14 –
quantum superposition of two paths and then recombining them. As in an atomic clock, the phase
shift recorded by each atom interferometer depends on the time spent in the excited state, which is
related directly to the light travel time across the baseline, namely L/c.
A single interferometer of the type described here, e.g., the interferometer at position x1 in Fig. 10,
would be sensitive to laser noise, but a crucial experiment has demonstrated [88] that this can be
substantially suppressed by the differential measurement between the two interferometers at x1 and
x2 as suggested in [86]. The sensitivity of a single such interferometer could be substantially improved
in the two-interferometer configuration outlined here by measuring the differential phase shift between
the widely-separated interferometers [86]. The GW (or DM) signal provided by the differential phase
shift is proportional to the distance L between the interferometers, whereas the laser frequency noise
largely cancels in the differential signal.
Based on this approach using two cold-atom interferometers that perform a relative measurement
of differential phase shift, we propose a mission profile using a pair of satellites similar to that used
for atomic gravity gradiometers [89, 90], which is shown in Fig. 11. As the atoms serve as precision
laser frequency references, only two satellites operating along a single line-of-sight are required to
sense gravitational waves. The satellites both contain atom interferometers that are connected by
laser pulses propagating along the positive and negative z directions in the diagram, and the clouds of
ultracold atoms at the ends of the baseline of length L act as inertial test masses. There are intense
master lasers (M1 and M2) in the satellites, which drive the atomic transitions in the local atom
interferometers. After interaction with the atoms, each master laser beam is transmitted by the beam
splitter (BS) out of the satellite, and propagates towards the other satellite, and R1 and R2 are beams
from satellite 1 and 2, respectively, that play the roles of reference beams.
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Figure 11. Possible experimental scheme. The beams of the two master lasers M1 and M2 are shown as
dotted and solid lines, respectively, together with the corresponding reference beams between the satellites, R1
and R2. Two local oscillator lasers LO1 and LO2 (dashed lines) are phase-locked with R2 and R1, respectively.
Photodetectors PD1 and PD2 measure the heterodyne beatnote between the reference beams R2 and R1 and
the corresponding local lasers LO1 and LO2, respectively, providing feedback for the laser link. Non-polarizing
beam splitters are denoted by BS, and tip-tilt mirrors used for controlling the directions of the laser beams are
denoted by TTM. For clarity, small offsets between overlapping laser beams have been introduced. Figure taken
from [45].
Intense local lasers LO1 and LO2 are used to operate the atom interferometers at each end
of the baseline. These otherwise independent local lasers are connected by reference laser beams
R1 and R2 that are transmitted between the two spacecraft, and the phases of the local lasers are
– 15 –
Table 1. List of basic parameters of strontium atom interferometer designs for AEDGE and a benchmark
1-km terrestrial experiment using similar technologies: length of the detector L; interrogation time of the atom
interferometer Tint; phase noise δφnoise; and the total number of pulses n
max
p , where n is the large momentum
transfer (LMT) enhancement and Q the resonant enhancement. The choices of these parameters predominately
define the sensitivity of the projection scenarios[45].
Sensitivity L Tint δφnoise n
max
p = 2Q(2n− 1) + 1
Scenario [m] [sec] [1/
√
Hz] [number]
Earth-km 2000 5 0.3× 10−5 40000
AEDGE 4.4× 107 300 10−5 1000
locked/monitored with respect to the incoming wavefronts of these reference lasers, as illustrated in
Fig. 11. A detailed description is available in [45, 87, 91].
In addition to photodetectors PD1 and PD2 for measuring the phase differences between the two
beams in both satellites, the spatial interference patterns are characterized by quadrant detectors (or
cameras), enabling the pointing directions and spatial modes of the two lasers to be well matched
using appropriate feedback. Feedback applied to the tip-tilt mirrors (TTMs) in Fig. 11 can then be
used to control the angles of the local lasers. Similarly, the angle of the master laser itself can be
controlled by comparing it to the local laser direction and using another TTM.
With satellites in MEO, the measurement baseline re-orients on a time scale that is short compared
to the expected duration of the GW signals from many anticipated sources. This allows efficient
determination of the sky position and can provide polarization information. The relatively short
measurement baseline, compared to LISA, provides good sensitivity in the 0.01 Hz to 1 Hz frequency
band, intermediate between the LISA and LIGO antenna responses, and suited to GW astronomy,
cosmology and DM searches, as described above.
4.2 Sensitivity Projections
In order to establish sensitivity estimates for the different physics goals described above, we have to
choose a concrete scenario and define quantitative projections.
For example, a GW would modify the light travel time across the baseline of the two-satellite
system, varying the time spent in the excited state by atoms at each end of the baseline, generating
a differential phase shift between the two atom interferometers. The phase response of the detector
can be written as ∆Φgrad(t0) = ∆φ cos (ωt0 + φ0), where ωt0 + φ0 is the phase of the GW at time t0
at the start of the pulse sequence. The resulting amplitude of the detector response is [87]:
∆φ = keffhL
sin(ωQT )
cos(ωT/2)
sinc
(
ωnL
2c
)
sin
(
ωT
2 − ω(n−1)L2c
)
, (4.1)
where ~keff is the effective momentum transfer, and keff ≡ nωA/c for an n-pulse sequence generating
an atomic transition with level spacing ~ωA. The response (4.1) is peaked at the resonance frequency
ωr ≡ pi/T and exhibits a bandwidth ∼ωr/Q. The amplitude of the peak phase shift on resonance is
∆φres = 2QkeffhL sinc
(
ωrnL
2c
)
cos
(ωr(n−1)L
2c
)
, (4.2)
which reduces in the low-frequency limit ωr  cnL to ∆φres ≈ 2QkeffhL. The phase response shows
an n-fold sensitivity enhancement from large momentum transfer (LMT). The interferometer can be
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switched from broadband to resonant mode by changing the pulse sequence used to operate the device
(changing Q) [87], resulting in a Q-fold enhancement.
For the sensitivity projections of AEDGE presented in this paper we assume that operation is
performed mainly in the resonant mode, while also providing estimates for broadband operation for
comparison. In order to generate the sensitivity curve for, e.g., a GW signal, from the phase response,
we calculate the minimum strain h that is detectable given a phase noise spectral density δφnoise.
We optimize the LMT enhancement n for each frequency and resonant enhancement Q, taking into
account the detector design constraints, which include the limits on the total number of pulses, nmaxp =
2Q(2n−1) + 1, and on the maximum interferometer duration, 2TQ < Tint, where Tint is the time over
which the atom interferometer is interrogated. Furthermore, as we assume in the design outlined above
that the interrogation region of the atoms is placed within the satellite, the wavepacket separation
∆x = ~keff(T/m), where m is the atom mass, is constrained to be less than 90 cm. As discussed
in [45, 87], this constraint limits the amount of LMT enhancement. Using resonant enhancement
while reducing LMT allows the interferometer region to remain small, but it has an impact on the
achievable sensitivity when setup is operated in broadband mode. An alternative design places the
interrogation region outside the satellite [92]. This setup would support LMT values closer to what can
be achieved in ground-based setups, which would not only increase broadband sensitivity but also make
it possible to probe even lower frequencies. However, operating the interferometers in space would incur
additional technical challenges such as vacuum stability, solar radiation shielding and magnetic field
effects. While these challenges seem surmountable, conservatively we focus our sensitivity projections
here on a design in which the atom interrogation region is within the satellite, which requires resonant
mode operation to achieve maximal sensitivity. In the future, further investigations of using a much
larger interrogation region in space could change this design choice.
This resonant mode strategy provides significant sensitivity to a stochastic background of gravita-
tional waves, e.g., of cosmological origin. To indicate the sensitivity estimates for the density of GW
energy, ΩGW, we use power-law integration [93] to display an envelope of power-law signals for each
given frequency detectable with an assumed SNR = 10 . In the calculation for AEDGE we assume five
years of observation time divided between 10 logarithmically-distributed resonance frequencies and
sum the signal from the total running time of the experiment. We have verified that changing this
scanning strategy by using a different number of resonant frequencies does not have a strong impact on
the resulting sensitivity. These curves thus have the property that any power-law signal touching them
would give the required SNR in the indicated experiment. For ease of comparison, we also assumed
five years of operation for each of the other experiments shown.
The quantitative projections for the DM and GW signals we presented in the previous Sections
are based on the following scenarios:
• Earth-km: This scenario represents the sensitivity estimate of a terrestrial detector at the km-
scale using typical parameters that are projected to be achieved in the future. This sets the
benchmark for comparison with the space-based AEDGE.
• AEDGE: This scenario represents the sensitivity estimate of a space-based detector using pa-
rameters that could be achieved for this set-up. This sets the benchmark for the sensitivity of
space-based detector proposed in this White Paper.
The values of the basic parameters assumed for the different sensitivity scenarios are listed in
Table 1. These parameters dominate in determining the sensitivities for the DM and GW projections
presented in Sections 3.1 and 3.2, respectively.
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5 Technological Readiness
AEDGE will benefit from the experience gained with LISA Pathfinder in free-fall control and LISA
itself in operating laser interferometers over large distances. We have identified the following three
additional high-level technical requirements that are critical for AEDGE:
• Demonstrate reliable functioning of atom interferometry on a large terrestrial scale & 100m;
• Demonstrate that the design parameters assumed here, such as the LMT enhancement, phase
noise control, interrogation time, etc., can be achieved;
• Demonstrate the robustness of cold atom technology in the space environment.
Several terrestrial atom interferometer projects that would serve as demonstrators for different tech-
nologies are under construction, planned or proposed, representing a qualitative change in the state
of technological readiness since the SAGE project [71] was reviewed by ESA in 2016. As described
below, they should be able to show how the above-mentioned technical requirements can be met and
demonstrate TRL5 technology readiness (according to ISO Standard 16290).
• Three large-scale prototype projects at the 100-m scale are funded and currently under construc-
tion, namely MAGIS-100 in the US, MIGA in France, and ZAIGA in China. These will demonstrate
that atom interferometry at the large scale is possible, paving the way for terrestrial km-scale experi-
ments. Assuming that large-scale prototyping is successful within five years, extending the technology
to the km scale will be the next step. There are projects to build one or several more km-scale detec-
tors in the US (at the Sanford Underground Research facility, SURF), in Europe (MAGIA-advanced,
ELGAR) and in China (advanced ZAIGA) that would serve as the ultimate technology readiness
demonstrators for AEDGE. It is foreseen that by about 2035 one or more km-scale detectors will have
entered operation.
• In parallel to these large-scale prototype projects, several other cold atom projects are in progress
or planned, demonstrating the general readiness of the technology including the scaling of the basic
parameters that are required for AEDGE. In fact, the basic requirements for AEDGE in terms of
atom interferometry are more relaxed than those one of the km-scale terrestrial detectors, as the main
sensitivity driver for AEDGE will be the long baseline, and its requirements for the basic parameters
of atom interferometry are less stringent than in the km-scale projects.
• Several cold atom experiments (CACES [94], MAIUS [95], CAL [96]) and underlying optical
key technologies (FOKUS [97], KALEXUS [98], JOKARUS [99]) have already demonstrated reliable
operation in space, and much more experience will be gained in the coming years.
We now summarize the statuses of some of the key “AEDGE pathfinder” experiments:
• The Matter-wave laser Interferometric Gravitation Antenna (MIGA) experiment [43], a double
150-m-long optical cavity in Rustrel, France is fully funded and currently in the final phase of con-
struction. MIGA aims at demonstrating precision measurements of gravity with cold atom sensors
in a large-scale instrument and at studying associated applications in geoscience and fundamental
physics. MIGA will employ an array of atom interferometers along the same optical link to miti-
gate the main noise contribution at low frequency represented on Earth by Newtonian noise [57]. In
particular, it will assess future potential applications of atom interferometry to gravitational wave
detection in the mid-frequency band between ∼ 0.1 and 10 Hz intermediate between LISA and
LIGO/Virgo/KAGRA/INDIGO/ET/CE.
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• The MAGIS project [45] in the US plans a series of interferometers using cold atoms with
progressivly increasing baselines of ∼ 10m, ∼ 100m, and ∼ 1km. The first step is funded and under
construction at Stanford, the second step is also funded and being prepared at Fermilab, and the third
step is planned for a km-scale vertical shaft at SURF.
• The Zhaoshan long-baseline Atom Interferometer Gravitation Antenna (ZAIGA) is an under-
ground laser-linked interferometer facility [44] under construction near Wuhan, China. It has an
equilateral triangle configuration with two atom interferometers separated by a km in each arm, a
300-meter vertical shaft equipped with an atom fountain and atomic clocks, and 1-km-arm-length
optical clocks linked by locked lasers. It is designed for a comprehensive range of experimental re-
search on gravitation and related problems including GW detection and high-precision tests of the
equivalence principle.
• Building upon the MAGIA experiment [100, 101], MAGIA-Advanced is an R&D project funded
by the Italian Ministry for Research and the INFN for a large-scale atom interferometer based on
ultracold rubidium and strontium atoms. In addition to laboratory activity, the team is investigating
the possibility of a 100-300 m atom interferometer to be installed in a vertical shaft in Sardinia. Its
main goals are GW observation and the search for DM.
• ELGAR is a European initiative to build a terrestrial infrastructure based on cold atoms for
GW detection with potential applications also for other aspects of gravitation and fundamental physics
such as DM. ELGAR will use a large scale array of correlated Atom Interferometers. A White Paper
about this infrastructure is being prepared [102].
• The AION project in the UK [47] proposes a series of atom interferometers baselines of ∼ 10m,
∼ 100m, and ∼ 1km, similar to MAGIS, with which it will be networked ‘ a la LIGO/Virgo. The first
stage would be located in Oxford, with sites for the subsequent stages awaiting more detailed study.
The above terrestrial projects will demonstrate various concepts for large-scale cold atom interfer-
ometers and provide valuable operational experience. In addition there are ongoing NASA, Chinese,
ESA, German and French projects to conduct cold atom experiments in space, some of which have
already provided operational experience with cold atoms in space or microgravity environments:
• NASA recently installed the Cold Atom Laboratory (CAL) experiment on the ISS. It is reported
that the CAL system has been performing nominally and that rubidium Bose-Einstein condensates
(BECs) have subsequently been produced in space on nearly a daily basis [96] 6, and the continuation
of the CAL science programme will include an atomic interferometer;
• The Chinese Atomic Clock Ensemble in Space (CACES) demonstrated in-orbit operation of an
atomic clock based on laser-cooled rubidium atoms [94].
• The Atomic Clock Ensemble in Space (ACES/PHARAO) project led by ESA plans to install
ultra-stable atomic cesium clocks on the ISS, enabling several areas of research including tests of
general relativity and string theory, and very long baseline interferometry [104, 105];
• The Bose-Einstein Condensate and Cold Atom Laboratory (BECCAL) is a bilateral project
of NASA and the German Aerospace Center (DLR) for a multi-purpose facility on the international
space station, based in the heritage of drop-tower (QUANTUS [106]) and sounding-rocket experiments
(MAIUS [95]). It will enable a variety of experiments in atom optics and atom interferometery, covering
a broad spectrum of research ranging from fundamental physics to studies for applications in earth
observation. It is also intended as a pathfinder for future space missions [107].
6We will benefit from in-team expertise in numerical calculations of BECs - see [103] and references therein.
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• The ICE experiment operates a dual-species atom interferometer in weightlessness in parabolic
flights [108], and recently reported the all-optical formation of a BEC in the microgravity environment
obtained on an Einstein elevator [109].
• In the context of the ISS Space Optical Clock (I-SOC) project of ESA [110, 111] to use cold
strontium atoms in space to compare and synchronize atomic clocks worldwide (which can also be
used to look for topological DM), ESA is running a development programme aimed at increasing the
TRL of strontium-related laser technology. Industrial consortia are currently developing 462 nm and
689 nm lasers, a laser frequency stabilization system, a 813 nm lattice laser, an ultrastable reference
cavity and a two-way time/frequency microwave link.
For completeness, we also mention other proposals for atomic experiments in space to probe
fundamental physics:
• STE-QUEST is a fundamental science mission that was originally proposed for launch within
the ESA Cosmic Vision programme, aimed at probing various aspects of Einstein’s theory of general
relativity and testing the weak equivalence principle. It features a spacecraft with an atomic clock
and an atom interferometer [112]. This mission is also the subject of a Voyage 2050 White Paper.
• Some of the present authors proposed the Space Atomic Gravity Explorer (SAGE) mission to the
European Space Agency in 2016 in response to a Call for New Ideas [71], with the scientific objectives
to investigate GWs, DM and other fundamental aspects of gravity, as well as the connection between
gravitational physics and quantum physics, combining quantum sensing and quantum communication
based on recent impressive advances in quantum technologies for atom interferometers, optical clocks,
microwave and optical links.
• The SagnAc interferometer for Gravitational wavE proposal (also called SAGE) [113] was en-
visaged to detect GWs with frequency ∼ 1 Hz using multiple CubeSats on ballistic trajectories in
geostationary orbit.
• The Atomic Interferometric Gravitational-Wave Space Observatory (AIGSO) has been proposed
in China [114].
AEDGE will also benefit from studies for the Search for Anomalous Gravitation using Atomic
Sensors (SAGAS) project [115] and the past Space Atom Interferometer (SAI) project [116, 117], and
will maintain contacts with CERN, with a view to applying as a recognized experiment when funded.
6 Summary
The nature of DM is one of the most important and pressing in particle physics and cosmology, and
one of the favoured possibilities is that it is provided by coherent waves of some ultra-light boson. As
we have illustrated with some specific examples, AEDGE will be able to explore large ranges of the
parameter spaces of such models, complementing the capabilities of other experiments.
Experience with electromagnetic waves shows the advantages of making astronomical observations
in a range of different frequencies, and the same is expected to hold in the era of gravitational as-
tronomy. There are advanced projects to explore the GW spectrum with maximum sensitivities at
frequencies & 10 Hz and below . 10−2 Hz, but no approved project has peak sensitivity in the mid-
frequency band between them. As we have discussed, the mergers of intermediate-mass black holes,
first-order phase transitions in the early universe and cosmic strings are among the possible GW
sources that could produce signals in the mid-frequency band. As we have also discussed, AEDGE
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would be ideal for exploiting these scientific opportunities, complementing other experiments and
offering synergies with them.
Other possible opportunities for AEDGE in fundamental physics, astrophysics and cosmology
have been identified, but not yet explored in detail. However, the examples of DM and GWs already
indicate that AEDGE offers rich possibilities for scientific exploration and discovery.
The roadmap towards the AEDGE mission includes the following elements:
• Today to 2025: Prototype 10-m facilities in the US, Europe and China, being extended to
O(100)m;
• 2025 to 2035: scaling of 100-m facilities to km-scale infrastructures;
• These experiments will demonstrate the reliability of cold-atom interferometers capable of achiev-
ing or surpassing the technical requirements for AEDGE;
• Operation of LISA will demonstrate the operation of large-scale laser interferometry in space;
• In parallel, a vigorous technology development programme should be set up, pursued and coor-
dinated on a European-wide level in order to maximize efficiency and avoid duplication. so as to
build on the ground work laid by the development of ACES/PHARAO, the recent demonstration
experiments of cold-atom and laser technology on rockets, and the laser technology development
currently funded by ESA, and thereby continue the demonstrations by initial US, European and
Chinese experiments of the robustness of cold-atom technology in space.
AEDGE is a uniquely interdisciplinary mission that will harness cold atom technologies to address
key issues in fundamental physics, astrophysics and cosmology that can be realized within the Voyage
2050 Science Programme of ESA. The worldwide spread of the authors of this article indicate that
there could be global interest in participating in this mission.
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